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ELECTRO-DPTIC EFFECT TIT THE PESO aCQU3TO-OPTIC MCODULATOR

Tali Renzhong, Lu Futun, Yuan Shuzhong, Suan Xin'an, and Li Bing:
all of Institute of Modern Optics, Mankai University. Tianiin
30071 )

! Aunum

With the theory of one—dxmensxoml approximation, combxned wuh the boundary condi-
tions, an inhomogencous’ electric field is derived from the foundamental equmons of pieozoelec-
tric effect. This inhomogeneous electric field will lead to geneuuon of. “electnc graung”. and
“hxgh-oxder gntmg can also appear owing to coupling between eleamc gnnng" and “acous-
tic grating”. Linear electro-optic effect in PESO modulator is helpfu! to_the diffraction and
modulation of the incident light besm. The experimental results verify our conclusions.

I. Introductory

The diffrachtion efficiency and rodulation dspth »f rh= PESH
staticnary wave type acousto-optic modulatcr are verwr high. Tnri
et al {1] analyzed the =2ngle of energy production; thev
discovered'that this modulator, which intearates transducer and
acousteo-optic interaction. can utilize =2l2ctric power supply at
high efficiency. 1In other words. the effective electro-acoustic
trarnsformation efficiency is vexry high, thus promoting 2 highsr
modulation percentage. In this case. consideration 1s given enly
to the acoustic grating, nct to the =ffact of elzctric field.

Meanwhila, when Turi et al determin=d the optimal diffracztion
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Ann/Ang  ro th=ta=30" and theta=90°. Along these two
orientations. the elactro-optic effect is restricted +o ths
mAximum extant (An,.—Aa,—An, and Au.-Aa;—A,,)-.; As;, and Ax(i=1,2)
are variaitions of acousto-caused and electro-caused refractivity

of the principal azis). Hewever, as research showed, this

th

rlectyro-~optic effect of Y0 or Y0 in a piezoelectric crvstal 1
nct A disadvantageous factor. The constant of the accusto-ontic
grating »nroduced by a piszoelsctric-induced acoustic stationnsry
wave is identical to the <onstant of the primary grating cansed
by the inhomegeneous distributicn of electric field. Roth

constants have a positive promoting function to diffractien aad

-

modulation of an incident light beam.
II. Theoretical Analysis

fn the rectangular pieznelectric resonator as shown in
Fig. 1. there are quite a few intrinsic sound modes [Z2]. Whan
the external driving frequency is the intrinsic frequency, an
intrinsic mode will b2 set in oscillation. Generally, it is very
combleX to precisely solve for these intrinsic modes. Thus, for
convenience in analysis, the one-dimensional approximation *henre
(31 of Ristic thin shcet resonator is adopted. In order to adan*
this theory to LiNbO, crystal of Y,0, the following acqumprxuﬂs

are nmade (all thesa assurmptions were experimentally wvalidate

1} ~rysral width w is greater than the crystal thicbtreus 1
{in experiments, ®#a™3y):

neezing along the x-direction, eliminate the =

i)
N
e

prclarized shear wave ’S. wave): and
2 saueezing alorg the z direction for nonillumirnated
perticn. rediuce as much as possible the z polarized sh:zar wave

{2. wara) .
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Fig. 1. Schematic Diagram
of Pi=zoelectric Resonator
(Mg-Joned LiNbO. arystal}

%, v and z axes and X, Y

re

and 7 crystal axes

At the same time, Turi's investigation further indicated
that the attsnuation of shear wave ig¢ much greatser than the
attenuation of the longitudinal-dir=ction wave. Th=arefore. at
the stesady statse, the main sffect on diffraction of thes in:idan*‘

light beam is caused by the acoustic longitudinal wave.

Based on the foragoing conditions, the v-axis can be
aprroximately considered as the direction of the pur:
thus, the one-dimensional approximation can b« adopted. In other
words. all the various related field cquantitics are functions of
coordinate y and time t. Thus, the equations of pilezo=lzaatric
characteristics can be simplified as follows:

T, = CiiS; — en By, : (1>
D, - ¢2333 + Ban" . (2)

the =quations, T. is stress; E..D. are. respectively. veators
electric field and electric charge displacement. C°.. is7 tha

icient of s2lasticity of the medium in the absence of an

is the dielectric ceocefficient of the mediuw

N 8 ’ &)

In the egnaticn, . is thes magnituds of translation of particla

[$7]




fin the medium) along the y axis. Newton's Second Law in =
continnaus madium is

OT,/8y = pmBu,/58, )
n “he 2quation. rho, ix the density of the medium. 1In the
quasi-=slectric field approwimation, the electric field E. <an D
axprassed as 2, = ;) ' )

8y

Phi is the distribution of =2lectric potential in the =medium. The
movenent equation of the electromagnetic field can take on the

form of static electrie field equation nabla D=0, that is

9y

The curxvent densiy of displacensnt is

J-22, ™
Eqs. (1) through (7) constitute the fundamental equations >€
the piezoelectric effect. In the simultaneous equations (1)
through (6}, we have the wave motion equation in the following
forn
puBuy /08 = CE(1 + ci,/C;'xlﬁ)-%'-;,". SR )

Th« =2ine soluticn of this wave nmotion ecquation is

4= Mexp[j(0at — fay)] + Neaxp[j(war + 8271, €)
omeJAa. is- the resonant fragquency; 3-""./& is the accustin~
propagat ion constant of madium: v, is the speed of sound.

9, = [Ch/pa(l + ¢b/CLeb) 12,

M and N are constants to be determined; both constants are
related to the boundary conditions. From Eq. (9), in the case of
limited thickness of the piezoelectric zone, two terms in the
aquation shonld exist simultaneously; that is, the acoustic wave
exzists in the form of a stationary wave. Considering that all
field quantities vary according to  explingt] , the time term can

be neglected. Then the oscillation velocity v.(y! can be writtan

as ' v,(y) = iw-[M"inﬁ-y + N'cosBuyl, - B (10)
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Assnra rhat the oscillation velocities (ef two thin electirsd:s)

vy Aned we oarae knewn then M' and H' can be detrermined frem "k

twe arprarions as follaws
'3(0)-'|-]W.N’ A T

-

9,(d) = —p, = m.[M’ sin f.d +N'cosp_d]. B (1)

-

From Bq. (7). the Aisplacem-nt ~urrent 7. in ths medinm 779
be 2xpressad as _ . -
- Iy = jouD,A = 1.4, 12

A is the avea of olecti~da . joaD; is the Aiaplas:=nent curr-nt

-

density in the piezoelectric bedy. J. is the density »f .

fud
-
N
3
—'-

conduction curr=ant in metal aslectrode. Thus., Dy%0 ; I

related teo v in the piezoelectric zcne. That 1is

D.=constant= h/jw.4, o e (13
Froem simultaneous aquations (1) . (2) and (10} through (337
the elactric field distribution and stress distribution in #h=
riezoelizctric nedium can be obtained as follows.

Ei) = Sl l/iond = enli(onl COMin LM confay — N'sinfay],  (14)

Ty(y) = —hJ)/joud + CoBuliwal M cosfod — N’ﬁnﬂ-d]i‘;,-’ 15)

In tha above-mentioned equations, ccnstant Aeme,/gf and

elasticity coefficient (of piezoelectric medium) €2 == Ch(1 + eh/Clsh)

are Intrcduced.

Considering the follrwing conditions in the zxperimens, ihe
thin shzet resonator is air loading, and the metal electrodn
layer is infinitsly *hin (thickness dJd'€d), tharefor:

T,(0) = T,(d) =0, (16)
Py, -y, . ' ' an)
In simultanecus equatisane (1) through (3) and (12) through (17V,
the Fime terms ara naglected. By introducing the wmechanical
electric coupling factor BP==e¥/(che 8l), finally the distrilnmticans

of elaectric anud acoustic fizldsg in rezonator aavity are



- 0ad i
LX) i'—-d—':-:-é:-!{[(l+k‘)/k']ea iz =0l
(A1 2 .
» — . :
500 =] — Lo taaiz = . )

Thuas. it iz appar=ant that the acoustic wave field {and
strain £iz1d) in the pniezo2lectric resonator cavity exists in ke
form »f a staticnary wave. The electric field can be divid:?
into twe portions: the first tarm is the homogensous-field w~itrr”
enir varying polarization of incident light without bproducirn.
djffraction effect; the other term is the inhomogeneous porticon.
The result of the e2lzctro-optic a2ffect will lead to an
inhomogenenus refraction index in space, thus producing =2l=ctric
grating to cause the incident light to undergo diffraction, ~nd

producing the same effect as the acousto-optic grating.

B2cause of the simultaneocus existence of the acousto-cptic
grating and slectro-optic grating in resonant crystals, a
coupling =2ffect will certainiyv occur. This coupling effect can

be zonsidered through a simple iterative method. From the

phoreslizastic affect. we know

A(l/n?), = P,_.S, (20)
P.n. i3 photeeslastic ssnsor: S. s strain. With resp=sct to
inaidernt light beam ~f = polarization, from two aquations (1%}

) pd
and {20Y, the wariation of rafraction index caused by the

mistic staticnavry wave is

BT
n
D

A”” - —-1" ﬂzpn

dco’[ﬁ-(dlz - y)]a
v, sin > (¢3))

In vhe =zauation, n. is the magnitude of refractive index »f
incident light in the abhsence of an electric field and an
Azonstis field existing in the crystal. Thus, the distyibutr<-n

Af *ue rafractise dnde - in the medium caused by the aconsto-cni<e

[ 4
(Ba(d/2 — )],
’.dné;!m Bald/2 — )] e

sffoct

sae

s n,(y)-n.+Anu-n.——;—na',Pn

]



In "R zquation, |Am,/s,) 1, With c~neidevation, in the meanwhils
giv-n *to rhe psovrion of inbowogensour slearric £ield in the
secoand “erm of the right side, we ~btain the following fraonm tlh=

privary slertra-optic 28fect

o), = T @

ctro-ontic cowffictent of the crystsl

-

e
incident light is in w-veolavization, we
f

Any = -;- 7B, ' (24)

Beczause of the existence of the acousto-optic effect, et this
tipa

% 1S not m. First. rrimary iferation is used; leat
aprrozinately equzsl to g,(y), Substituts Eg. (22) e
eguaticn; by retaining the Sirst two tarms of tha gy
devalopment equation, we obktain the variation of the vefractivs
index caused bv the a2la2ctro-optic sffant

Any = =L gry —B —cos[3.(d/2 = ]

2
she, sin 2

3 . e '
+ =7 Py ——R——cos[284(d/2 — )1,
M7 sy ‘{I':dnzé;_ (25)

At nthat time, the distvibution of the vefractive indey in tis
cyretasl is

”;'-”|+.Aﬂu+Aﬂu. (26)

i

Ccnsidering the secnnd 1lera

ot

n. othat 4o memgy, Hovsov,

o]
aprlying ‘EﬂﬂY<1.to again insert To. (26 inho B, {24) . =btais e
e

obtain the wore precise variation »f refroctive index cange by

the electro-optic effect.

1 . 4 _
Anyg = ~7 r..u%—‘z T 7d cos[fa(d/2 — )]
2



+ -%- 7,(?., +7r —————cos[28,(d/2 — Y')]

)."fl 'dn'e.!

£ ”
- = 7ihP —n——-—— 38.(d/2 —y)1,
32 TaPum 1 'dn!é..‘ cos [38,(d/ 1 , | @n

IITI. Theoretical Computation and Analysis of Experimental Raszults

1. From EBq. (27), we can see the following: becaussz of the
coupling between the acoustic grating and the electric grating,
the result of the primary electro-optic effect leads to the
production of the primary grating (i.e., grating constant 1;=2x/2.),

and production of secondary grating.
(2 = 2e/28. = %l.).

and tevtiary grating (1:-';-1.), that 1s, the two last fterms at
the right-hand side of Eq. (27). Comparing Egs. (27) and (21),
th

acoustic grating; both constants ars 1,—2:[#.. . Therefore, the

n

constant of primary grating is the same as the constant of

equivalent acoustic grating can be used in the illustration as

seen fron the fellowing relation.
y

ATV”I-A"H'*'A”U-_‘;‘”%P;: ;—d—n—p:‘,co’[ﬂ-(dlz —'.7)],' o @)
: A T el
In the equation, Pu™ Py + 7ue,/sl, iz called the equivalent
phetoelasticity ccefficient. After inserting various paranmetars
of LiN»0O; crystal, we obtain Py~ 011 . From readily available
taxts on piezoelectricity, P,=0.072, It is apparent that ths

result of the electro-optic effect resembles increasing the
photoslasticity coefficient. This also explains the reascn why
the diffracﬁion efficiency cf the PE30 acousto-optic modulator is
somehhat due to the acoustc-optic effect. Fig. 2 shows a
diffraction diagram of He-Neg328& spectral lines with the PESO
aconsto-optic modulator (Mg-doped LiNbO, crystal). 1In

A3



experiments, the + 11 leverl is shown but the driving power is

enly 1 watt, thus accounting for the high diffraction efficiwnay.

Fic. 2. He-Ne632s4 Raman-Math
Diffraction Diagram

P,,zl‘Y: V™ BOMH!

2. When the driving power is increased, the secondary and
tertiary gratings will alsc have certain function. The secondary
Jgrating comes from the coupling of electro-acoustic grating, and
£

also from considesration of the secondary electro-optic effact o

the crvstal

A (‘.‘1;) = R,juBE,, ' (29)
# .

In the equation, Ry 1% the secondary electro-optic coefficient.
After insertinn inteo Eq. (18), the variation of refractive inde-

caused hy the secondary electro-optic effect is obtained.
"Anig - --i— mRE]
= A + Beos[8a(d/2 — 9)1 + Ceos[28a(d/2 — NI, (30)

A, B and £ are constants not related to coordinate y and time t.

We can see that the result of the sacondary electro-optisc effeat

- is also the production of the secondary grating. From ths Raman-

Math diffraction angle, we know

fng = my,/2,, (m =~=0,1,2,-2), &}))

R

e



In the equation, & is the wavelength of inecident light: 1, i5 ths

h
[t
r
'3
¢
0N
J
~h

grating constant. Thus, the diffraction angle of thre

grating c¢an be obtained as follows.

finb = mi, /2,

sin§’ = 2m1,/1,,

gin @ = 3mi/l,, (tartiary grating)
(m=0,1,2,--+). (32)

Thus, the first-order diffracted light of the secondary dgrating

(

(primary arating)
(secondary grating!

is second-order diffractad light of the primary grating.

However, the first-order diffracted light of the tertiary grating
1s the third-order diffracted light of the primary grating. In
other words, diffraction light spots emitted from the PESO
modulator is the result of superimposing thrze types of grating
diffractions. The spacing of the diffracticn spots for the
secondary grating is twice the spacing of diffraction spots for
the primary grating; it is threefold. in the case of the tertiary
grating. The function of the secondary grating is to incrzase
the diffraction energy of the second, fourth, and so on orders;
the function of the tertiary grating is to incresase the
diffraction enexrgy of the third, sixth, and so cn orders. Thus,
it can be euxpected that the function of multinle tvpes of
gratings will lead to greater relative intensity for the second-
and thivd-order diffracted ligh% over the relative intensity of
the second and third-order diffracted light of "pure sound and
light"” Raman-Math diffraction. Fig. 3 shows a diffraction
diagranm with a power supplyv of approximately 2 watts. We <an seo
that result of diffraction for thresz types of grating is to have
very similar light intensities of the three previous orders. Of
course, further higher grating orders exist in crystals; this can
be obtained from the third iteration to even higher-order
iteration; however, their function is much more powerfnl than the
three previous grating orders. Fig. 4 shows an experimental
curve of relative intensities of various levels of diffraction
light. For easy comparison, the relative intensity curve of

various orders of Raman-Math diffraction light for purs acoustic

10



light was plotted, as shown by the dotted curve in Fig. 4. Both
curves (solid and dotted curves) have apparent deviation: the
solid curve is located higher than dotted curve, thus verifving

the above-mentioned conclusion.

L/l (%)

' )
. 7 ’
Pyy=~2W,He-Ne 63288
Fig. 3. G Fig. 4. Theoretical and
Diffraction Diagram Experimental Curves of Relative

Intensities of Various Orders

v, = 80MH: N .
Raman-Math Diffracted Light

The paper was received for publication on 24 June 1991.
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